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In the present work, we report our in depth study of 12C(p,p′γ)12C reaction both experimentally
and theoretically with proton beam energy ranging from 8 MeV to 22 MeV. The angular distribu-
tions were measured at six different angles. We discuss the gamma angular distributions, total cross
sections values for 4.438, 9.64, 12.7 and 15.1 MeV states. We also describe the theoretical interpre-
tation of our measurements using optical model analysis. We also report the branching ratios from
our measurements. For the first time, we have measured the the cross section and branching ratio
for the 9.64 MeV state.
I. INTRODUCTION
FIG. 1. Experimental arrangement used during
12C(p,p′γ)12C measurements.
Study of the 12C(p,p′γ)12C inelastic scattering reac-
tion touches on important topics in nuclear reactions and
structural studies. Understanding this reaction in terms
of scattering theory involves two steps: first, the excita-
tion, then by the de-excitation of the 12C nucleus. These
steps are not equally understood. Deexcitation process
is relatively simpler to understand. It is the release of
energy via a gamma ray with a known energy and angu-
lar momentum. However, understanding the excitation
mechanism raises a variety of questions. Is the state un-
der consideration excited into a collective mode or is it
better understood by a single nucleon excitation, or do
both representations have validity? How important is
the exchange process for identical particles? The role of
alpha particle clustering in 12C nucleus is also to be un-
derstood? The influence of giant resonance states in 12C
and energy levels of 13N may be important in the analy-
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sis. All of these interesting questions motivate us experi-
mentally and theoretically to study the 12C(p,p′γ)12C re-
action with proton beam energy from 8 MeV to 22 MeV.
As of today, no optical model theory exists which can suc-
cessfully explain excited states (namely, 4.43 MeV, 9.64
MeV, 12.71 MeV and 15.1 MeV) of 12C for this beam
energy range. The lowest projectile energy that has been
discussed in the literature is 40 MeV [1] . There were
few attempts to formulate a microscopic proton-nucleus
theory below this energy range, specifically by Jeukenne,
Lejeune and Mahaux [2] and Brieva Rook[3]. These the-
ories were applied only to 12C(p, p) (only the elastic
channel) at energies used in the present work (14 MeV -
40 MeV). However, several authors [4, 5] have struggled
to fit the elastic data with their microscopic theories.
Therefore, the scattering of proton in the energy range
of 8 to 30 MeV poses challenge to theorists even though
the optical model [6] formalism works well at higher en-
ergies.
Experimentally, there exist very few data for the cross
section measurement of 12.71 MeV and 15.1 MeV states
[7–10]. There exist no data on the cross sections for 9.64
MeV state. However, many studies on 4.43 MeV state
provide cross section data [7, 11–23]. So, there is enough
justification for the measurement of scattering cross sec-
tions of 12C(p,p′γ)12C reaction up to about 30 MeV.
The reaction also has a large significance in the astro-
physical context. The occurrence of gamma-ray lines
at 4.43 MeV and 15.1 MeV from solar flares carries
the details of the interaction mechanism through which
charged particles (namely, protons and ions) are accel-
erated and interact with solar flares [12, 14, 24]. Since
these gamma lines are uninfluenced by solar magnetic
fields, they carry the precise information about the fea-
tures of the accelerated-particle population and also the
identity of the accreted particles [25]. These gamma lines
also provide the information about fundamental proper-
ties and conditions, such as, abundance of the elements,
temperature and density of the solar flares ambience and
accelerated ion-parameters. The flux ratio of f15.1/f4.43
from 12C(p,p′γ)12C produced during solar flares can give
the information about cross section as well as the relative
isotropic abundance ratio of 12C and 16O [26, 27].
2FIG. 2. A typical 4.438 MeV gamma spectrum from
12C(p,p′γ)12C reaction at Ep = 8 MeV.
In the present work, we have measured the differential
and total gamma cross sections and gamma branching
ratios to the ground state for all the states studied.
The paper is categorizes in following sections. The ex-
perimental details are given is Section-2. In Section-3
we have described the mesurements and data analysis.
Section-4 discusses the GEANT4 simulations and the ef-
fciency calculation of the detector. Details of theoret-
ical formalism i.e optical model analysis are discussed
in Section-5. In Section-6, we provide the results of
measurements along with a detailed theoretical analysis.
Section-7 presents the summary.
II. EXPERIMENTAL DETAILS
The 12C(p,p′γ)12C reaction was carried out by bom-
barding proton beam on mylar target of thickness 2.22
mg/cm2. The proton beam was obtained from 14 MV
Pelletron at TIFR, Mumbai[28]. The experiment was
performed using proton beam ranging from 8 MeV to 22
MeV. The gamma rays produced from inelastic scattering
were detected using a 3.5 ′′ × 6 ′′ large volume cylindrical
LaBr3:Ce detector[29]. The gamma angular distributions
were measured at six different angles (60◦, 75◦, 90◦, 105◦,
120◦ 135◦) w.r.t to beam direction by keeping the detec-
tor at a distance 35 cm from the scattering chamber. The
detector was shielded using lead bricks at all possible di-
rection to reduce the background events produced during
the experiment. The beam was stopped on a Faraday cup
beyond the target and total charge was measured using
a beam current integrator. The energy loss of the beam
in the target was found to be less than one MeV using
SRIM code [30]
The recorded energy and timing signals from the
detector were further processed using standard Nuclear
Instrumentation Module (NIM) electronics. The timing
signal from anode was fed to the Time to Amplitude
FIG. 3. A gamma spectrum showing 9.64, 12.7 and 15.1 MeV
from 12C(p,p′γ)12C reaction measured at Ep = 17 MeV.
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FIG. 4. Angular distribution of γ-rays obtained for 4.44 MeV
state.
converter (TAC) as a start signal. Pileup rejection
was achieved using the zero-cross technique[31]. The
shaped and amplified energy signal was recorded in a
peak sensing ADC and data were collected in events
mode. Energy calibration of the detector was carried
out using standard gamma sources, namely, 137Cs (661.6
keV), 60Co (1173, 1332 keV) and 22Na (511, 1274 keV).
Am-Be source was used for 4.44 MeV gamma-rays. This
ensures the energy calibration and linearity check from
few hundred keV to 4.433 MeV. The energy gain of the
detector was checked periodically during the experiment,
and was found to be stable. The 4.44 MeV gamma spec-
trum at Ep = 8 MeV is shown in Fig.2 2. The gamma
spectrum showing three energy states of 12C nucleus,
namely, 9.64, 12.7, 15.1 MeV measured at Ep = 17 MeV
is presented in Fig. 3. Clearlym the use of LaBr3:Ce de-
tector has ensured recording spectra with quality much
better than those reported using a NaI(Tl) detector [7].
The Table-I summarises our experimental measurements.
3III. MEASUREMENT AND ANALYSIS
METHOD
Gamma angular distributions were measured for the
energy levels of 12C nucleus, namely, 4.438, 9.64, 12.71
and 15.11 MeV using inelastic scattering of protons on
12C. The background subtracted γ ray yields were cor-
rected for efficiencies of the detector for all the gamma
rays to get the differential cross sections. For gamma-ray
with yield Y , recorded at an angle θ, with a solid angle
dΩ, the differential cross section can be written as
Y = NpNt(dΩǫ)
[
dσ
dΩ
(θ, Ep)
]
(1)
where Np defines the incident beam particles, Nt is the
number of carbon nuclei per unit area and the absolute
photopeak efficiency of the detector is ǫ which is calcu-
lated using GEANT4 simulation [32]. The gamma an-
gular distribution of differential cross section was fitted
using Legendre polynomial functions as given below
dσ
dΩ
=
l=lmax∑
l=0; l=even
alPl (cosθ) (2)
where the first term al is a free parameter obtained by
fitting data with the eq. 2. The second term is the Legen-
dre polynomial function with order l. The lmax should be
less than two times the gamma multipolarity. The total
gamma cross section can be obtained by integrating eq.
2 for the differential cross section to obtain 4πa0, where
a0 is the coefficient of the Legendre polynomial function
after fitting the differential cross sections. Therefore, the
total cross section can be written as,
σtotal = 4πa0 (3)
IV. SIMULATION
The total detection efficiency of the detector for
gamma rays is the product of the intrinsic and geometric
efficiencies. In order to make the simulations more
realistic, we have included the detector geometry, the
wooden support structure for the detector and all the
absorbing materials between the target and the face of
the detector. The low energy EM Physics package[33]
was used in the physics list class. The radioactive decay
module has been used to simulate the decay of the
point sources, namely, 137Cs (661.6 keV), 60Co(1173,
1332 keV), 22Na(511, 1274 keV), Am-Be(4.438 MeV)
and 5.5 MeV γ-rays [34]. The energies and branching
ratios of the γ-sources used in the simulation were taken
from NNDC website[35]. The simulations were done
considerng an isotropic emission of γ-rays by assum-
ing a point source. Total sample of 106 γ-ray events
were generated and distributed over the detector surface.
V. RESULTS AND DISCUSSION
We present here the results of our measurements,
namely, angular distributions, differential and total cross
sections and branching ratios of the 4.43, 9.64, 12.7 and
15.1 MeV states. Theoretical interpretations of the data
are also presented in this section.
A. Excitation function of 4.438 MeV level of 12C
nucleus
The angular distributions and the total cross sections
were measured for 4.44 MeV state at beam energies rang-
ing from 8 to 14 MeV. A typical gamma-ray spectrum
showing the 4.44 MeV transition measured at 90◦ with
respect to the beam direction is shown in Fig. 2. This
spectrum corresponds to proton beam energy of 8 MeV.
The clear separation of the photopeak, first- and second-
escape peaks show the high resolving power of LaBr3(Ce)
detector. This can be contrasted with the gamma-ray
spectra measured earlier with NaI(Tl) detectors with
much inferior energy resolution as discussed in [7]. Need-
less to say, the present measurements are aimed towards
generating many more precision data than reported ear-
lier. Angular distributions of the gamma-rays for some of
the beam energies are shown in Fig. 4. The solid lines are
the best fits using Legendre polynomials. Our method
of measuring the cross sections for populating a specific
state from the gamma decay of the state has potential
complications. Increasing the beam energy leads to pop-
ulation of higher lying states above the state under con-
sideration. Their decay can feed to the lower state under
consideration by gamma emission, resulting in a higher
observed cross section than the direct production cross
section of the state under consideration. In the present
case, the production cross section of the 4.44 MeV state
has been measured in the rather low energy domain of
8 to 14 MeV. For these energies the population of states
higher than 4.44 MeV(namely, 7.65, 9.64 and 12.7 MeV)
and their subsequent feeding to 4.44 MeV is minuscule.
It should be noted that the Hoyle state at 7.65 MeV and
the 9.64 MeV state predominantly decay by alpha chan-
nel. This coupled with the fact that 4.44 MeV state has
100% gamma branching ratio to the ground state tells
us that the measured cross sections of 4.44 MeV state
obtained from (p, p′ γ) reaction ( present case) should be
equal to cross sections obtained from (p, p′) data.
As discussed in the theory section there is a strong
influence of resonances in the excitation function of
4.44 MeV state. This typical structure of the exci-
tation function is often used to verify 13N resonances
in a strong coupling model [9, 18, 36]. The data
(gamma) from Kiener et al ., [14] show a sharp rise in
cross-section at 8.3 MeV, 9.1 MeV, 10.5 MeV, 11.0
MeV, 12.7 MeV, and 13.8 MeV. Many of these rises
are at the threshold of higher energy states in the
12C nucleus (8.3MeV → 7.65MeV (0+), 10.5MeV →
4TABLE I. Summary of the present measurements for 4.44, 9.64, 12.7 and 15.1 MeV states.
State Beam Energy Angle
(MeV) (MeV) (θ)
4.43 8 60◦,75◦,90◦,105◦,120◦,135◦
8.5 60◦,75◦,90◦,105◦,120◦,135◦
9 60◦,75◦,90◦,105◦,120◦,135◦
9.5 60◦,75◦,90◦,105◦,120◦,135◦
10 60◦,75◦,90◦,105◦,120◦,135◦
11 60◦,75◦,90◦,105◦,120◦,135◦
12 60◦,75◦,90◦,105◦,120◦,135◦
13 60◦,75◦,90◦,105◦,120◦,135◦
14 60◦,75◦,90◦,105◦,120◦,135◦
9.64 14 60◦,75◦,90◦,105◦,120◦,135◦
15 60◦,75◦,90◦,105◦,120◦,135◦
16 60◦,75◦,90◦,105◦,120◦,135◦
17 60◦,75◦,90◦,105◦,120◦,135◦
18 60◦,75◦,90◦,105◦,120◦,135◦
12.71 15 60◦,75◦,90◦,105◦,120◦,135◦
16 60◦,75◦,90◦,105◦,120◦,135◦
17 60◦,75◦,90◦,105◦,120◦,135◦
18 60◦,75◦,90◦,105◦,120◦,135◦
15.11 17 60◦,75◦,90◦,105◦,120◦,135◦
18 60◦,75◦,90◦,105◦,120◦,135◦
19.5 45◦,60◦,75◦,90◦,105◦,120◦,135◦
20 90◦
20.5 90◦
21 90◦
21.5 90◦
22 90◦
9.64MeV (3−), 12.7MeV → 11.8MeV (2−), 13.8MeV →
12.71MeV (1+)). The gamma differential cross sections
along with our calculations are shown in Fig. 5 for three
beam energies. The solid blue line is the single parti-
cle model without adding resonances. The single particle
model with resonances (blue dashed line) appears better
than the calculation without resonances in terms of both
shape and magnitude of the data. The resonances added
in the calculation are listed in Table-III. The energies,
parities, and isospin (T = 0) are taken from the com-
pilation of Ajzenberg-Selove [37]. The theoretical calcu-
lation for 14 MeV appears to reproduce the data better
than for other two energies. The reason for this is that
it is closest to the broad 15.44 MeV 2+ resonance and
therefore has a significant amount of direct excitation.
In contrast the 8 MeV calculation is affected most by the
7.65 MeV 0+ level (the Hoyle state) which accentuates
only the exchange state. Likewise the 9.8 MeV calcula-
tion is affected by the 9.65 MeV 3− state and the 10.30
MeV 0+ broad resonance which also participate in ex-
change. Both these calculations would benefit if there
was a 2+ resonance nearby to begin to replicate the sig-
TABLE II. Measured γ-branching ratios from 12C(p,p′γ)12C.
Energy 14 18 19.5
(MeV) (MeV) (MeV) (MeV)
9.64 0.0035±0.0031
12.7 0.020±0.003
15.1 0.79±0.19
nature shape of an E2 transition which all our experimen-
tal data follow. In recent times there has been a search
for a 2+ state as part of the Hoyle band [38–42] and it
has been tentatively found at (9.84 ± 0.06) MeV with a
width of (1.01± 0.15) MeV. The Hoyle 2+ contribution
along with present calculations of the gamma differential
cross-section is shown in Fig. 6. The total cross section
for 4.44 MeV state is shown in Fig. 7. The experimental
data are taken from Refs. [17–23, 36, 43–45] and our data
are the blue diamonds. Adding the Hoyle state improves
the total cross-section in the region of 8 to 10.5 MeV. The
5FIG. 5. The partial (p, p′γ)differential cross-section for exci-
tation to the 4.43 MeV (2+) energy level. The gamma data
(black circle) are from the present experimental work. The
blue lines are from the single particle model of this work. The
solid line is the complete model without resonances added, the
dashed line adds resonances listed in the Appendix A.
FIG. 6. The partial (p, p′γ) differential cross-section of exci-
tation to the 4.43 MeV (2+) energy level. The gamma data
(black circle) is from the present experimental work. The blue
lines are from the single particle model of this work. The
solid line is the complete model without resonances added,
the dashed line adds resonances listed in the Appendix A.
The new light blue line has the Hoyle 2+ state includes as a
resonance at 9.85 MeV.
gamma differential cross-section is where the calculations
showed a marked difference. The shape improved dra-
matically, thus implying a stronger E2 transition. This
shows the ability of the present calculation to translate a
proton excitation to a gamma de-excitation. The single
particle model has its deficits, but its microscopic power
gives us strong physical insight to the structural effect on
the reaction mechanism at these low energies.
FIG. 7. The total cross-section fot excitation to the 4.43
MeV (2+) energy level. The experimental data references can
be found in the text. The blue diamond data are from the
present measurement. The blue lines are from the single par-
ticle model of this work. The solid line is the complete model
without resonances added, the dashed line adds resonances
listed in the Appendix A, the new light blue dashed line in-
cludes the Hoyle 2+ resonance at 9.85 MeV.
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FIG. 8. Angular distribution of γ-rays obtained for 9.64 MeV
state at Ep=14, 15,17 and 18 MeV.
B. Excitation function of 9.64 MeV level of 12C
nucleus
The 9.64 MeV state is a 3− state and also has an elec-
tric transition. The technique used for the 4.44 MeV has
been used for 9.64 MeV as well. The resonances used
in the calculation are discussed in the previous section.
Few additional resonances are also added to improve the
results (starred symbol) and are shown in the same ta-
ble. These resonances are taken from Refs. [37, 46, 47].
The angular distributions were measured for four beam
6energies ranging from 14 to 18 MeV and are shown in
Fig. 8. The same measured differential cross-sections for
four beam energies are shown again in Fig. 9 along with
the theoretical calculation. For the lower beam ener-
gies (14 and 15 MeV) we obtained a good agreement in
terms of shape and magnitude of the data. At the highest
beam energy of 18 MeV, the difference between theory
and data is significant. This is because, for the 18 MeV
beam energy, there may be some feeding from the higher
states to the 9.64 MeV state through gamma decay. This
would enhance the measured cross section of the 9.64
MeV gamma-rays. Unlike the 4.44 MeV state which has
a 100% gamma decay to the ground state, the 9.64 MeV
state is a large alpha emitter. The value of the gamma
branching ratio of the 9.64 MeV state has not previously
been reported. In this work, we have compared our mea-
sured gamma-ray cross sections at 14 MeV beam energy
with the experimental (p, p′) cross section for the 9.65
MeV state reported by Harada et al . [44], for the same
beam energy. We have found the branching fraction to
be 0.0035. This value is being reported for the first time.
While inclusion of resonances in our calculation is im-
ported, it must be admitted that the addition of extra
E3 strengths (Table-IV)(confusion whether to included
or not??) does not lead to significant improvement in
the reproduction of the data.
FIG. 9. The partial (p, p′γ) differential cross-section for exci-
tation to the 9.64 MeV (2+) energy level. The gamma data
(black circle) are from the present experimental work. The
blue lines are from the single particle model of this work. The
solid line is the complete model without resonances added, the
dashed line adds resonances listed in the text. The new light
blue line has three additional resonances of the 3− state which
are listed in the Appendix A.
C. Excitation function of 12.7 and 15.1 MeV level
of 12C nucleus
The 12.71 and 15.11 MeV states are the two low-
est lying 1+ states with unnatural parity of (M1)
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FIG. 10. Angular distribution of γ-rays obtained for 12.7
MeV state.
FIG. 11. The partial (p, p′γ) differential cross-section for ex-
citation to the 12.71 MeV (1+) energy level. The gamma data
are from this work. The blue lines are from the single particle
model of this work. The solid line is the complete model with-
out resonances added, the dashed line adds resonances listed
in the Appendix A. The new light blue line has one additional
resonance of the l = 1 state which are listed in the A.
transitions. The Fig. 3. shows a typical gamma-ray
spectrum measured at 90◦ for a beam energy of 17
MeV. It is highly encouraging to see all the three
gamma-rays namely, 9.64, 12.7 and 15.1 MeV with their
well resolved first escape peaks. This is much higher
quality data than reoported earlier using a NaI(Tl)
detector. The threshold values for the formation of
12.7 and 15.1 MeV states are 13.8 MeV, 16.8 MeV,
respectively, for inelastic scattering of proton. The
angular distribution of gamma-rays were carried out for
four beam energies between 15 to 18 MeV and are shown
in Fig. 10 . The solid blue lines are fits to the data
with Legendre polynomials. As mentioned in section
4.3, we extracted total cross sections from these fits.
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FIG. 12. Angular distribution of γ-rays obtained for 15.1
MeV state.
The same experimental data (gamma differential cross
sections) are compared with theoretical calculations in
Fig. 11. As in previous figures, the solid blue lines depict
a calculation without resonances added. The dashed
blue line includes the resonances given in Table-V. The
light blue dashed line also includes two extra l = 0
resonances ((1) E = 16.75MeV,Γ = 1.05MeV ,Strength
=1.5E − 4 E = 21.75MeV,Γ = 1.95MeV , Strength
=2.5E − 4). Similar to the 9.64 MeV state, the 12.71
MeV state is also predominantly an alpha emitter. The
branching ratio to the ground state for gamma emission
is 0.019 [10, 48]. We found the fraction to be close to
0.02 by comparing the total (p, p′) cross-section and
our measured (p, p′γ)cross-section for this state at 18
MeV beam energy. It can be seen from Fig 11 that
for 16, 17 and 18 MeV beam energies the data can
be nearly reproduced by calculations with or with-
out resonances. However, there is significant difference
between theory and experiment for 15 MeV beam energy.
For the 15.1 MeV state the gamma differential cross
sections were measured at three different beam energies,
namely, 17, 18 and 19.5 MeV. The angular distributions
are shown in Fig. 12 along with the Legendre polyno-
mial fit (blue line). The same gamma differential cross
sections are compared with theoretical calculations in
Fig. 13. We observe in Fig. 13. that there is not sig-
nificant difference between calculations with or without
resonances. It has also to be noted that unlike the pre-
vious case of 12.71 MeV, there is significant difference
in magnitudes of the experimental and theoretical cross
sections. We also measured the 90◦ gamma differential
cross sections for eight different beam energies. The data
is shown in Fig. 15 and the inset shows the comparison of
the same reported by Measday et al . [49]. This shows a
very good match in overall shape between our measure-
ments and those reported in Measday et al ,[49].
A good compilation of this important data set can be
found in Ref. [10]. The dashed blue lines are the theoret-
ical calculations carried out as a part of this work. The
branching ratio to the ground state for gamma emission
from the 15.1 MeV state is 0.087 [7]. We found the frac-
FIG. 13. The partial (p, p′γ) differential cross-section for ex-
citation to the 15.1 MeV (1+) energy level. The gamma data
are from this work. The blue lines are from the single parti-
cle model of this work. The solid line is the complete model
without resonances added, the dashed line adds resonances
listed in the Appendix A. The new light blue line has two
additional resonances of the l = 0 and l = 1 state which are
listed in the text.
4 6 8 10 12 14 16
200
240
280
320
360
400
440
480
14 15 16 17 18
0.1
0.2
0.3
0.4
0.5
0.6
12 14 16 18 20 22
0.12
0.18
0.24
0.30
0.36
0.42
0.48
17.0 17.5 18.0 18.5 19.0 19.5
0
1
2
3
4
5
6
7
8
4.44 MeV 9.64 MeV
 
12.7 MeV 15.1MeV
Energy (MeV)
 (m
b)
FIG. 14. Total measured cross section of 12C states at 4.44
MeV, 9.64 MeV, 12.7 MeV and 15.1 MeV.
tion to be close to 0.079 which is given in Table -II.
The gamma breaching ratios were calculated by taking
the ratio of σγ/σpp′ . The values of σpp′ cross sections
were taken from Ref. [7, 19, 44] for 9.64 , 12.71 and 15.1
MeV states. The results are shown in Table-II. We have
chosen the beam energies to measure branching ratios in
such a way that the desired sates (namely, 9.64 MeV,
12.7 MeV and 15.1 MeV) should not be fed significantly
from higher states. Therefore, the measured branching
ratios will have lesser errors. Gamma branching ratios
of 12.7 and 15.1 MeV states are in good agreement with
the reported literature within the error bars. For the
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FIG. 15. A comparison 90◦ yield curve of present measure-
ment of γ-rays obtained for the 15.1 MeV state at beam en-
ergies ranging from Ep=17 to 22 MeV, and inset showing the
same data of Measday et al ,[49].
first time, we are reporting the gamma branching ratio
of 9.64 MeV level. The total measured cross section data
are shown in Fig. 14.
VI. SUMMARY
We have carried out exhaustive measurements of
(p, p′ γ) cross sections for four excited states in 12C,
(4.44, 9.64, 12.7 and 15.1 MeV) for beam energies rang-
ing from 8 to 22 MeV. These inclided angular distribution
measurements for six different angles with respect to the
beam direction. The full data set is summarised in Table-
I. Gamma-ray spectra have been measured with a large
volume LaBr3:Ce detector. In doing so, we have been
able to record spectra with quality better than those ob-
tained in the past by using NaI(Tl) detectors. We have
extracted differential and total gamma cross sections for
all four states at all beam energies. Our experimental
data have been compared with rigorous theoretical op-
tical model calculations. Overall, we have been success-
ful in reproducing the experimental data except for the
15.1 MeV state where we found considerable mismatch
between theory and experiment. From our theoretical
analysis of the data we understand it is absolutely nec-
essary to include various resonant states in the calcula-
tions. This has been seen while reproducing the differen-
tial gamma and total gamma cross sections for all four
states. We conclude that the 4.44 MeV is a collective
state which agrees with the conclusion of previous stud-
ies. For the 9.64 MeV state, to the best of our knowledge,
we have measured the cross sections and angular distribu-
tions of (p, p′ γ) for the first time. We have also extracted
the gamma branching ratio of the 9.64 MeV state to the
ground state for the first time. We conclude that the 9.64
MeV state is also a collective state. The conclusions are
different for the possible structures of the 12.7 and 15.1
MeV states. These two states are possibly single-particle
excitations. We have been unable to reproduce the data
for 15.1 MeV state as well as for the three other states.
The 15.1 MeV state is especially difficult because of its
unnatural T = 1 and M1 transition character.
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Appendix A: Appendixes
The solid blue line is the single particle model. At
these energies it also is deficient. However the model
has flexibility and methods have been developed to add
resonance structure to it as described above. The res-
onance structure is included with the blue-dashed line.
These resonances are all the isoscalar listed in the lit-
erature [37] but we made some choices made when un-
known. Specifically for the 18.35 MeV resonance their
has been discrepancy on the parity, we chose a 2− state
(see Refs. [46, 50]. Likewise there has been debate on
what the J value is for the broad resonance at 21.6MeV ,
we chose J pi = 2+ following Ref. [47]. Strengths of the
resonance were fit to the 4.44 MeV level data but we also
used Refs. [47, 50] as a guide, again with the overall goal
to see if the resonance addition help improve the calcula-
tions. Overall the result is an improvement, the best fits
include the resonance structure.
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